INTRODUCTION
Recessive X-linked ichthyosis. (RXLI)1 is a troublesome and relatively common disease, affecting 1 in 6,000 males. It was separated from autosomal dominant ichthyosis vulgaris in 1965 on the basis ofpedigree analysis and clinical features (1) . The latter include earlier age of onset, sparing of the palms and soles, Received for publication 8 September 1980 and in revised form 10 December 1980. pearance especially on the side of the neck, and the subsequently described comeal stippling (2) . Although these findings permit clinical differentiation of groups of patients, it is often difficult to assign a diagnosis to an individual male patient. Unlike more severe forms, both ichthyosis vulgaris and RXLI have normal epidermal cell proliferation (3) , and the derangement appears to be an impaired shedding of stratum corneum cells.
In 1978, Shapiro et al. (4, 5) reported that fibroblasts grown from the skin of patients with RXLI have markedly deficient amounts of steroid sulfatase. This enzyme deficiency was first detected in the placenta and found to be an X-linked cause of low maternal urinary estrogen excretion but, until recently, no postnatal abnormalities had been known in male infants after such pregnancies (6) . Independently, workers in the Netherlands also discovered that this enzyme is missing in patients with RXLI (7, 8) .
Although diagnosis of steroid sulfatase deficiency can be made readily by fibroblast culture, this procedure is expensive and slow. Hence, we have assayed this enzyme in peripheral blood leukocytes of normal persons and of patients with RXLI. Because the enzyme is detected readily in leukocytes from normal persons or patients with other types of ichthyosis, but is markedly reduced in those from patients with RXLI, this permits rapid and simple diagnosis of the disease. We also have assayed the enzyme in normal human epidermis as a first step in a consideration of the pathophysiology of the disease. Leukocytes. Peripheral blood from patients with RXLI or other types of ichthyosis, relatives of patients with RXLI, and volunteers with no known abnormalities ofmaturation and shedding of the stratum corneum was drawn into heparinized plastic syringes or heparinized evacuated glass tubes, usually after overnight fasting. Blood (10 ml) was mixed with 2 ml of 5% dextran T-500 (Pharmacia Fine Chemicals, Piscataway, N. J.) and 0.12 M NaCl in a plastic tube, and the erythrocytes were allowed to settle at 22°C for 45 min. The supernate was removed, and leukocytes were harvested by centrifugation at 22°C at 400 g for 10 min. The pellet was suspended briefly in 2.0 ml of 0.03 M NaCl to lyse residual erythrocytes, 1.6 ml of 0.31 M NaCl was added to restore isotonicity, and the leukocytes were collected by centrifugation at 400 g for 10 105 ,000 g at 4°C (microsomes), on material remaining in solution after centrifugation for 60 min at 105,000 g at 4°C (cytosol), or on material solubilized from microsomes by treatment with 0.02 M Tris, pH 7.4, containing 0.5% Miranol (a generous gift of the Miranol Chemical Co., Irvington, N. J.) and remaining soluble after centrifugation for 30 min at 105,000 g at 4°C (9) . DNA was determined by the diphenylamine method ofBurton as modified by Giles and Meyers (10) .
METHODS
Steroid sulfatase assay. Enzyme activity was measured by desulfation of [3H]dehydroepiandrosterone sulfate ([3H]-DHEAS), as suggested first by Burstein and Dorfinan (11) . Enzyme solution or suspension (0.15 ml) was mixed with 10 nM 7-[3H]DHEAS (24 Ci/mmol, New England Nuclear, Boston, Mass.) (0.10 ml) and incubated at 37°C for 1 h. At the end of incubation, the solution was chilled, 1.00 ml benzene was added, and the contents were mixed by vortexing. The phases separated within 1 min, and 0.60 ml of the upper benzene phase was removed and added to 10 ml of scintillation fluid (PCS, Amersham Corp., Arlington Heights, Ill.) for determination of the amount of [3H]dehydroepiandrosterone ( 10 ml ofnormal blood and homogenized in 1.50 ml ofbuffer produced 1,000-2,000 cpm above background (background -25% of total cpm in 0.60 ml benzene). Lineweaver-Burk analysis of experiments in which varying concentrations of DHEAS were used gave Michaelis constant (Kin) values for epidermal microsomes of 40 ,AM (Fig. 1) and for leukocyte homogenates or Miranol extracts of 6 to 30 ,uM. These are similar to values of ,tM determined in our laboratory for placental homogenate, low speed supernate, microsomes, or Miranol extracts (data not shown), and of 4 to 80 uM determined in various tissues by other laboratories (11) (12) (13) (14) (15) (16) . Enzyme activity per microgram DNA was approximately equivalent in placenta and leukocytes but 18 times less in epidermis.
To determine whether the enzyme is similar physically as well as kinetically in different tissues and to confirm the specificity of the assay, Miranol H2M-solubilized material was chromatographed on agarose. Material solubilized from low speed supernatant preparations of placentas or fibroblasts produced a single peak of steroid sulfatase eluting just before bovine serum albumin and peaks of nitrocatechol sulfate sulfatase eluting with and after bovine serum albumin. In addition to their substrate specificities, these three peaks were identified as steroid sulfatase, arylsul- fatase A, and arylsulfatase B by their subcellular localization and their absence in mutant cell lines as follows. Subcellularlocalization. The first but notthe second or third peak was present in preparations solubilized from microsomes of placenta or epidermis (not shown) (steroid sulfatase is known to be present in microsomes), whereas the second and third peaks were present in preparations of cytosol (arylsulfatases A and B are known to be present in lysosomes).
Mutant cell lines. Only the first peak was absent in fibroblasts or leukocytes from patients with RXLI, only the second peak was absent in fibroblasts from patients with metachromatic leukodystrophy, and only the third peak was absent in fibroblasts from patients with the Maroteaux-Lamy syndrome, the last two being known to lack arylsulfatase A and arylsulfatase B, respectively. Steroid sulfatase from normal human epidermal microsomes or peripheral blood leukocytes (Fig. 2) eluted in the same volume as that from placenta or fibroblasts, suggesting that the enzyme was similar at least in molecular size in all four tissues. Furthermore, the lack of DHEAS desulfation by arylsulfatase A or arylsulfatase B (Fig. 2 The mean values on the 2 d differed by 20%, and the SD were 11 and 23% of the means on the 2 d. In a separate experiment five leukocyte homogenates were assayed on the day of isolation and again after storage at -20°C for 5 d. Values for the second assay were 80, 92, 110, 115, and 117% of the first assay, suggesting a similar degree of variation and a stability of enzymatic activity under these conditions. The SD for samples from separate normal men and women were also -23% (see below).
Leukocyte steroid sulfatase was somewhat greater in normal women than men (mean values±SD: 10.2 ±2.5 vs. 8 .0±1.8 pmol/,g DNA per h, ratio 1.27:1), but the overlap was great (Fig. 3) . Enzyme activity (4.7± 1.5 pmol/,lg DNA per h) was significantly lower in leukocytes from females who were obligate carriers of the gene for RXLI-mothers or daughters of patients-than in normal females (1:2.2, P < 0.001) or normal males (1:1.7, P c 0.01). Leukocytes from one or more patients each with ichthyosis vulgaris, lamellar ichthyosis, epidermolytic hyperkeratosis, and acquired ichthyosis associated with Hodgkin's disease had normal steroid sulfatase activity. Enzyme activity still was detectable readily when blood was kept for 20 h at ambient temperature in an evacuated heparinized tube, but storage at 40C caused marked diminution of activity.
DISCUSSION
These findings of steroid sulfatase deficiency are of interest for several reasons. First, measurement of leukocyte steroid sulfatase allows rapid differentiation of patients with RXLI from those with other types of ichthyosis and also permits identification of carriers of the gene, thereby enabling more accurate genetic counseling. Making a diagnosis more certain than that possible by clinical examination is likely to become increasingly important as newer therapeutic agents with varying effectiveness in different types of ichthyosis become available. Currently, 13-cis retinoic acid appears to be very useful for patients with lamellar ichthyosis, but of little benefit for patients with RXLI (17) . Hence, definite diagnosis can obviate the need for a therapeutic trial with useless but potentially harmful agents. Although deficient steroid sulfatase activity can be detected in fibroblasts (4, 5, 18, 19) , hair bulbs (20, 21) , and calluses (20) , detection in leukocytes appears to offer several advantages in cost and rapidity, ease of obtaining and processing samples, and the comparatively large amount of enzyme activity detected in normal persons. Furthermore, although there are conflicting reports of fibroblast steroid sulfatase levels in carrier females (5, 19) , leukocyte steroid sulfatase levels seem sufficiently less than those of normal women to permit their identification with confidence. Because there is some daily variation in assay results, it is probably best to perform replicate assays of enzyme activity of possible carrier females and normal controls on the same day.
Recently, McNaught and France published evidence of solubilization of steroid sulfatase activity by Triton X-100 from microsomes of placentas of normal patients and also of patients with RXLI (22) and suggested that the defect in RXLI patients may be in the membrane rather than in the enzymatic protein itself. We, however, found that no enzymatic activity eluted from agarose when leukocytes from 120 ml of blood from two patients with RXLI were studied under conditions in which 5-10% of normal amount of enzyme would be expected to be detectable and in which equivalent peaks of arylsulfatase A were eluted from the normal and RXLI leukocyte preparations. Although they used a different detergent, it might be expected that Miranol would be more likely than Triton X-100 to remove phospholipids from the enzyme protein because our column appears to give narrower peaks at apparently lower molecular size.
Second, the presence of steroid sulfatase in normal human epidermis as well as its absence in callus of patients with RXLI (20) suggests that local action of this enzyme may be important in normal stratum corneum shedding. Although we have found considerably less enzymatic activity per microgram of DNA in the epidermis compared with that in leukocytes or placenta, it is possible that the enzyme may be distributed nonuniformly over the epidermis and hence may be present at high levels at discrete sites of action. The importance of lipids in stratum corneum properties has been suggested in the past by the ichthyosis of patients with Refsum's syndrome (23) and of patients treated with drugs that interfere with lipid metabolism (24) . Experiments now are needed to determine whether sulfated sterols or steroids actually are increased in the stratum corneum of RXLI patients, whether such increase is specific to this particular type of scale or is a more common cause of faulty stratum corneum shedding, and whether the scaling is due to deficient enzyme action locally in the epidermis or is a consequence of deranged sulfated sterol-steroid metabolism elsewhere in the body. Although cholesterol sulfate has been noted to accumulate in tissues of pa-tients with the multiple sulfatase deficiency syndrome (25) , no direct determinations of sulfated steroids and sterols in tissues of patients with RXLI have been reported.
Third, evidence from three groups suggests that, unlike other genes of the X-chromosome, the gene for steroid sulfatase escapes the inactivation that normally occurs during early embryogenesis (21, (26) (27) (28) . Nevertheless, we found only a small difference in leukocyte steroid sulfatase activity in females and males (1.27:1) with considerable overlap between the two groups, and heterozygote females had leukocyte steroid sulfatase activity considerably less than normal males. This suggests that some mechanism other than gene inactivation must effect compensatory reduction in levels of enzyme activity in women. We found a broad overlap between leukocyte steroid sulfatase activity in 20 menstruating and 5 postmenopausal women not receiving hormonal supplementation (not shown), and hence simple estrogen or progesterone modulation of enzyme activity is unlikely. Muller et al. (19) assayed steroid sulfatase in fibroblasts from normal women and nmen and, finding the mean level in women to be 1.7 times that in men, concluded that compensatory reduction does not occur. However, our findings in leukocytes should reflect more accurately the situation in vivo than would cultured fibroblasts, suggesting that the compensation may be a function of conditions specifically found in vivo. Supporting this suggestion is the finding ofequal enzyme levels in hair bulbs from women and men (21) . Furthermore, we found that leukocyte steroid sulfatase levels varied more in women than in men (Fig. 3) , suggesting that compensatory reduction may occur to differing degrees in individual women. It is not known whether such compensatory control of enzyme activity acts by reducing the amount ofenzyme protein present or by modulating the activity of what is present. Such control is likely to be the subject of further research.
